CBP is a transcriptional coactivator required by many transcription factors for transactivation. Rubinstein-Taybi syndrome, which is an autosomal dominant syndrome characterized by abnormal pattern formation, has been shown to be associated with mutations in the Cbp gene. Furthermore, Drosophila CBP is required in hedgehog signaling for the expression of decapentapleigic, the Drosophila homologue of bone morphogenetic protein. However, no direct evidence exists to indicate that loss of one copy of the mammalian Cbp gene affects pattern formation. Here, we show that various abnormalities occur at high frequency in the skeletal system of heterozygous Cbp-deficient mice resulting from a C57BL͞6-CBA ؋ BALB͞c cross. In support of a conserved signaling pathway for pattern formation in insects and mammals, the expression of Bmp7 was found to be reduced in the heterozygous mutants. The frequency of the different abnormalities was significantly lower in a C57BL͞6-CBA background, suggesting that the genetic background is an important determinant of the variability and severity of the anomalies seen in Rubinstein-Taybi syndrome patients.
A protein that binds to the protein kinase A-phosphorylated form of cyclic AMP response element-binding protein (CREB) was originally identified and named CBP (1) . CBP also binds to several components of the basal transcriptional machinery, including transcription factor IIB (2), RNA polymerase II holoenzyme complex (3) , and the GCN5-like histone acetyltransferase, P͞CAF (4) , suggesting that CBP serves as a CREB coactivator. In addition, CBP binds to multiple kinases, such as S6 kinase pp90 RSK (5) and cyclin-dependent kinases (6) , and mediates the regulation of transcription by these kinases. The recent finding that CBP itself has histone acetyltransferase activity (7, 8) suggests that it contributes to transcriptional activation by disrupting the repressive chromatin structure. CBP interacts with not only CREB but also with many other transcription factors, including c-Jun (9), c-Fos (10), c-Myb (11, 12) , nuclear hormone receptors (13, 14) , Stat2 (15) , and MyoD (16) (17) (18) . CBP contributes to the transcriptional activation mediated by each of these factors. The Cbp gene family contains at least one other member, p300, that originally was identified through its ability to bind to the adenovirus E1A protein (19) . No differences in the functional properties of CBP and p300 have been identified (20, 21) .
Mutations in the human Cbp gene were reported to be associated with the Rubinstein-Taybi syndrome (RTS; ref. 22 ), a haploinsufficiency disorder characterized by mental retardation, craniofacial malformations, broad thumbs, and broad big toes (23, 24) . However, it remains unclear how a 50% reduction in the amount of CBP causes the abnormal pattern formation observed in RTS. Transcription factors such as CREB, c-Myb, and AP-1, which use CBP, appear not to be involved in pattern formation during development, as judged from the results of gene knockout studies. CREB- (25) , c-Jun- (26) , c-Fos- (27, 28) , or c-Myb-deficient mice (29) do not exhibit the abnormal pattern formation observed in RTS. Moreover, although craniofacial abnormalities are observed in RAR␣:RAR␥ double mutants (30) , this phenotype is not found in homozygous mutants of either receptor alone or in trans-heterozygotes. Recently, we identified the Drosophila homologue of CBP (dCBP), and demonstrated by molecular and genetic studies that dCBP functions as a coactivator of the product of the segment polarity gene, cubitus interruptus (ci) (31) . Ci functions in the hedgehog (hh) pathway and is a critical transcription factor for pattern formation (32) . In response to Hh, Ci activates the decapentapleigic (dpp) and wingless (wg) genes, which encode the Drosophila homologue of transforming growth factor ␤͞bone morphogenetic protein (BMP) and the Wnt family protein, respectively. These results raise the possibility that RTS is caused by a decrease in the activity of the mammalian homologue of Ci, the zinc finger-containing transcriptional activator, GLI (33, 34) . Interestingly, mutations in one of the three members of the Gli gene family, Gli3, cause phenotypic changes through haploinsufficiency in mice (known as ''extra-toes'' (Xt) (35) , and humans (Greig cephalopolysyndactyly syndrome) (36) . These phenotypic changes resemble some of the abnormal traits of RTS. However, it has not yet been proved that the function of the mammalian GLI3 really requires the coactivator CBP.
Although mutations in the human Cbp gene were reported to be associated with RTS (22) , no direct evidence exists to indicate that loss of one copy of the mammalian Cbp gene affects pattern formation. In addition, nothing excludes the possibility that other genes exist within the RTS critical region, as the map of this region is still far from complete. Moreover, the expected decrease in the level of normal CBP protein predicted to occur in hemizygous patients has yet to be demonstrated. To directly examine whether loss of one copy of the Cbp gene causes abnormal pattern formation, we have generated Cbp heterozygous mutant mice by gene targeting. the standard plaque hybridization procedure. An 8.0-kb NotIEcoNI genomic DNA subfragment was used to generate the targeting vector. The 1.0-kb AflII-EcoRI fragment containing the exon encoding amino acids 29-265 was deleted from the NotI-EcoNI fragment and replaced with a neomycin (neo) cassette driven by the phosphoglycerate kinase gene promoter. To increase the frequency of gene targeting, the diphtheria toxin-poly(A) signal cassette for negative selection (37) was used.
Generation of Cbp-Deficient Mutant Mice. The NotIlinearized targeting vector (100 g) was electroporated into 1.0 ϫ 10 7 TT2 cells. Targeted clones were selected after 7-10 days growth in the presence of G418 (150 g͞ml) and then were expanded onto duplicate 96-well plates. The homologous nature of recombination was confirmed by Southern blot analysis. Chimeras were produced by injecting about 10 embryonic stem (ES) cells into 40 ICR eight-cell embryos and transplanting the embryos into the uterus of pseudopregnant females. Six-to eight-week-old male progeny with a high percent of chimerism were bred with BALB͞c or C57BL͞6 females to produce heterozygous mice capable of transmitting the targeted allele through the germ line. The mice were maintained by the Division of Experimental Animal Research, RIKEN.
Genotyping of ES Cells, Embryos, and Animals. Genomic DNA was isolated from cultured cells, embryos, and tail clippings by digestion overnight at 55°C in lysis buffer (10 mM Tris⅐HCl, pH 7.5͞100 mM NaCl͞1 mM EDTA͞0.5% SDS͞0.5 mg/ml proteinase K͞20 g/ml RNase A) followed by phenolchloroform extraction and ethanol precipitation. For Southern blot analysis, genomic DNA (about 10 g) was digested with SphI or BamHI and resolved on 0.8% or 0.5% agarose gels.
Detection of CBP Proteins. The brains of 18.5 days postcoitus (dpc) fetuses were washed in PBS and resuspended in 300 l of lysis buffer consisting of 20 mM Hepes (pH 7.9), 25% (vol͞vol) glycerol, 420 mM NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM DTT, and 0.5 mM phenylmethylsulfonyl fluoride, and homogenized. After centrifugation, samples of lysates were resolved on a 7.5% SDS͞PAGE gel. Proteins were transferred onto a nitrocellulose filter, and CBP or Hsp70 as a control were detected using the anti-CBP (Upstate Biotechnology: CBP-CT) or anti-Hsp70 (Santa Cruz Biotechnology: W27) antibodies and ECL detection reagents (Amersham).
Skeletal Analysis. Bone and cartilage stained specimens were prepared essentially as described by Inouye (38) . Fetuses on 18.5 dpc were recovered, and the tails were used for genotyping. Fetuses were skinned, eviscerated, and fixed in 95% ethanol. Nonskeletal tissues were digested with 2% potassium hydroxide. Cartilaginous tissues were stained by alcian blue 8GS, and ossified tissues were stained by alizarin red S.
In Situ Hybridization and Northern Blotting. Whole-mount in situ hybridization using the 198-nucleotide digoxygeninlabeled BMP-7 RNA was performed essentially as described (39) . RNA from the 11.5-dpc fetuses was isolated using Isogen (Nippon Gene, Toyama, Japan). RNA samples (20 g) were run on 1% agarose-formaldehyde gels, blotted, and hybridized with BMP-7 or cytoplasmic ␤-actin probe.
RESULTS
Generation of Cbp-Deficient Heterozygous Mutants. Cbp mutant mice were generated by homologous recombination in TT2 ES cells. Genomic Cbp DNA clones, which were isolated from the TT2 genomic library, were used to construct a gene targeting vector in which the exon encoding amino acids 29-265 was replaced by a neo cassette (Fig. 1A) . We selected this exon to be replaced, because the replacement of the exon close to the amino terminus may severely affect the biosynthesis of full-length normal CBP protein. Homologous recombinants were characterized by the appearance of a 13.0-kb SphI fragment with the 5Ј probe, and a 6.0-kb BamHI fragment with the 3Ј probe (Fig. 1B) . The chimeras normally were obtained from two independent mutant ES clones and were mated with C57BL͞6 or BALB͞c females to generate F 1 heterozygous mutant mice. Heterozygous mice were identified by Southern blot analysis of genomic DNA isolated from tail or embryo samples of the offspring (Fig. 1B) . Analysis of the genotype of embryos generated by intercross between the heterozygotes exhibited that homozygous mutants died at 8-10 dpc (the mechanism of embryonic lethality of homozygotes will be described elsewhere), but, in this paper, we will confine our description primarily to the abnormal pattern formation in the heterozygotes. To confirm that the level of CBP protein in the heterozygous mutants had decreased to half that of the wild-type level, Western blotting was performed using the anti-CBP antibody (Fig. 1C) . The 265-kDa CBP protein was detected in the brains of wild-type fetuses of 18.5 dpc, whereas the expression level of CBP protein was about half that of the wild type in the heterozygous mutants. The levels of Hsp70 protein between wild type and the CBP heterozygote were not different. Abnormal Skeletal Patterning in Cbp Heterozygous Mutants. We first analyzed skeletal formation in the F 1 heterozygous mutants obtained by mating with BALB͞c mice. Because the TT2 ES cells that we used were derived from a F 1 embryo between C57BL͞6 and CBA mice (40), the F 1 heterozygotes analyzed have a genetic background made up of 50% BALB͞c, 25% C57BL͞6, and 25% CBA. Bone and cartilage stained specimens of 21 heterozygous mutants and 30 wild-type fetuses of 18.5 dpc showed various skeletal abnormalities in discrete areas of the heterozygotes, namely the skull and the rib cage ( Table 1 ). The most pronounced phenotype was delayed ossification of frontal bones (Fig. 2 A and B) : an enlarged anterior frontanel was observed in two-thirds (14͞21) of the heterozygous mutants, whereas this abnormality occurred in only one of 30 wild-type fetuses. A similar malformation of the anterior frontanel has been reported in 41% of RTS patients in the Netherlands (24) . Abnormalities in the sternum and rib also were observed with lower frequency. Various anomalies of the sternum (extra, fusion, reduction, and asymmetry of the ossification with split in the sternum) were found in one-third (7͞21) of the heterozygotes (Fig. 2 C and D) . None of these abnormalities were observed in the 30 wild-type fetuses. Asymmetric sternocostal joints also were found in the heterozygotes with similar penetrance. An additional phenotype found in the heterozygotes was the malformation of the xiphoid process and vertebrae (Fig. 2 C-F) . Distinct holes and fissures in the xiphoid process were found in 29% (6͞21) of the heterozygotes, whereas only one of the 30 wild-type fetuses had this type of anomaly. One-third (7͞21) of the heterozygotes exhibited severe growth retardation and delayed ossification. In particular, one of them displayed severe phenotypes of the axial bones (asymmetric cervical vertebrae, extra and split thoracic vertebrae, and scoliosis), the ribs (asymmetric ribs; reduction in the number on the right side and extra ribs on the left side), and oligodactyly (Fig. 3) . Similar anomalies also have been reported for RTS patients (24) . Abnormality of the limbs showed low penetrance in the heterozygotes. Thus, certain defects such as broad thumbs and broad halluces, which are the most frequent anomaly in RTS patients, were not observed in the heterozygotes.
Effect of Genetic Background on the Phenotype of Cbp Heterozygous Mutants. We also examined skeletal formation in the F 1 heterozygotes obtained by mating with C57BL͞6 (Table 1) . This cross results in a genetic background made up of 75% C57BL͞6 and 25% CBA. Although the abnormal skeletal patterning was quite similar, the frequencies were significantly different. Only 25% (6͞24) of these heterozygotes exhibited a large anterior frontanel. Growth retardation was also milder than that seen in the BALB͞c ϫ C57BL͞6-CBA background, but the heterozygotes were significantly smaller compared with wild-type fetuses. In addition, the frequency of abnormalities in the sternum was almost the same as that of the wild-type fetuses. Thus, the penetrance rate of abnormalities of the frontanel and the sternum was significantly lower compared with the rates observed in fetuses of a BALB͞c ϫ C57BL͞6-CBA background. In contrast, the abnormality in the xiphoid process occurred more frequently, being observed in two-thirds (16͞24) of the heterozygotes. The frequency of abnormalities in the axial bones, ribs, and limbs was low.
Decreased Bmp7 Expression in the Cbp Heterozygous Mutants. In Drosophila, dCBP is required for Hh-dependent expression of dpp, the Drosophila homologue of transforming growth factor ␤͞BMP (31). Because the ectopic Sonic hedgehog (Shh) expression in the chicken limb locally induces Bmp2 (41, 42) , this signaling cascade appears to be conserved during evolution, supporting the view that CBP also could be involved in the Shh-dependent induction of Bmp. However, compared with three dpp-related genes in Drosophila (dpp, screw, and 60A), more than 20 BMPs exist in vertebrates, and relatively little information is available on the comparative expression patterns on these BMPs. Although the information of mutant mice lacking Bmp is limited, some skeletal abnormalities in the sternum and rib found in the Cbp heterozygotes also were observed in the Bmp7-and Bmp5-deficient homozygotes (43, 44) . In addition, similar abnormal skeletal patterning was seen in the Gli2-or Gli3-deficient homozygous mutant mice, and Gli3 heterozygotes (45, 46) . Therefore, we examined the expression level of Bmp7 in the Cbp heterozygous mutants as one of the possible target genes whose expression could be regulated by CBP. The signal for Bmp7 mRNA detected by whole-mount in situ hybridization in the 9.5-and 10.5-dpc fetuses was significantly reduced in four of 10 heterozygotes of the BALB͞c ϫ C57BL͞6-CBA background (Fig. 4A) . In contrast, a similar decrease in expression was observed in only one of 27 wild-type fetuses. Northern blot analysis confirmed decreased Bmp7 expression in two of four heterozygotes (Fig.   4B) . Thus, the level of Bmp7 expression was significantly reduced in the Cbp heterozygous mutants.
DISCUSSION
Our study has demonstrated that a 50% decrease in the amount of CBP protein causes various skeletal abnormalities, and thereby provides direct evidence that loss of one copy of the Cbp gene affects pattern formation. We have carefully analyzed the expression of the truncated form of CBP in the heterozygous mutants, because the expression of a dominant negative form could lead to misinterpretation of the results. We failed to detect any truncated form of CBP specifically expressed in the heterozygous mutants, supporting the notion that loss of one copy of the Cbp gene really affects pattern formation. The 265-kDa CBP protein was easily detected in Western blotting using a small amount of lysates from the embryonic brain, indicating that the amount of CBP is much higher than that of many of the enhancer-binding transcription factors such as CREB. However, the abnormal pattern formation in the Cbp heterozygotes indicates that the amount of CBP protein in vivo is not excessive, but rather limiting. Because we observed that overexpression of dCBP in Drosophila embryos causes their death, the amount of CBP may be tightly regulated. Kamei et al. (13) suggested in a recent report that glucocorticoid inhibits AP-1 activity by recruiting limiting amounts of CBP to the glucocorticoid receptor. To examine whether this kind of regulation, involving competition between CBP-utilizing factors for binding to limiting amounts of CBP, really occurs in vivo, Cbp heterozygous mutants expressing half of the wild-type level of CBP should be extremely useful.
In the Cbp heterozygous mutants, the level of Bmp7 expression was obviously reduced. Although it is not clear whether CBP directly affects the transcription of Bmp7 gene, this raises the possibility that CBP contributes to the expression of dpp͞Bmp in both Drosophila and mouse, and that a conserved signaling pathway is used for pattern formation in insects and mammals. However, it is unlikely that the 50% reduction in Bmp7 expression levels can account for the bone defects, because the heterozygous Bmp7 mice do not show any skeletal defects (43) . In addition, the Bmp7-deficient homozygous mice show different skeletal defects than the one observed in the Cbp heterozygous mice, although some skeletal abnormalities, such as asymmetric pairing of ribs and malformation of the xiphoid processes, were observed in both Cbp heterozygotes and Bmp7-deficient homozygotes (43, 47) . For instance, Bmp7 homozygous mutants show preaxial polydactyly, whereas the Cbp heterozygotes show a reduced number of digits. Furthermore, a defect in the patterning of the axial skeleton was observed in the Cbp heterozygotes, but not in the Bmp7 homozygotes. These results could be explained by the speculation that the activity of multiple BMPs is partially reduced in the Cbp heterozygotes, although we have examined the expression level of only Bmp7 among many members of the Bmp gene family. In addition to the decreased activity of various BMPs, some other target gene(s) could be affected by loss of one copy of Cbp. In fact, we recently found that not only the Ci activity but also the Dorsal activity, a Drosophila homologue of transcription factor NF-B, is decreased in the dCBP mutant (48) . Due to the decreased Dorsal activity, the twist (twi) expression, which is a target gene of Dorsal, is blocked in the dCBP mutant. If this signaling pathway also is conserved between Drosophila and vertebrates, the level of twi expression could be reduced in the Cbp heterozygotes. Loss of one copy of the human twi gene causes Saethre-Chotzen syndrome, which is an autosomal dominant craniosynostosis with brachdactyly (49, 50), raising the possibility that a partial decrease in the twi expression in the Cbp heterozygotes also may contribute to the skeletal abnormalities. Thus, the phenotype of Cbp heterozygotes may be resulted from a reduced expression of various target genes of CBP.
The frequencies of the various anomalies in the Cbp heterozygotes were different depending on the genetic background, indicating that the nature of the genetic background may potentiate or attenuate the Cbp phenotype. Thus, the genetic background of patients suffering from RTS also might be partly responsible for the high degree of diversity of RTS-associated symptoms. Although certain malformations, such as an anterior frontanel, were seen in both Cbp heterozygous mutants and RTS patients, the most obvious anomalies, such as broad thumbs and broad halluces, were not observed in the heterozygous mice. These latter malformations have been reported in 87% and 100% of RTS patients in the Netherlands, respectively (24) . Although this also may be a reflection of the effect of the genetic background, it is possible that mutations in other unidentified gene(s) also contribute to the phenotype of RTS patients. Nevertheless, our data obtained by using the Cbp heterozygotes gives a clue to understanding the molecular mechanism of RTS.
